Pathbase is a database that stores images of the abnormal histology associated with spontaneous and induced mutations of both embryonic and adult mice including those produced by transgenesis, targeted mutagenesis and chemical mutagenesis. Images of normal mouse histology and straindependent background lesions are also available. The database and the images are publicly accessible (http://www.pathbase.net) and linked by anatomical site, gene and other identi®ers to relevant databases; there are also facilities for public comment and record annotation. The database is structured around a novel ontology of mouse disorders (MPATH) and provides high-resolution downloadable images of normal and diseased tissues that are searchable through orthogonal ontologies for pathology, developmental stage, anatomy and gene attributes (GO terms), together with controlled vocabularies for type of genetic manipulation or mutation, genotype and free text annotation for mouse strain and additional attributes. The database is actively curated and data records assessed by pathologists in the Pathbase Consortium before publication. The database interface is designed to have optimal browser and platform compatibility and to interact directly with other web-based mouse genetic resources.
INTRODUCTION
Progress in the functional genomics of the mouse relies heavily on the sophisticated and systematic phenotyping of mutants to help understand the normal function of gene products (1) . Such phenotyping depends to a large extent on histopathological analysis of the lesion and pathology is thus a key discipline in this endeavour.
It is, however, very dif®cult to access the primary phenotypic data on mutant mice. The volume and sheer complexity of the data, together with the numerous links between different components, make it hard to obtain an overview of the relationship between the multiple aspects of a phenotype and the genotype of a mutant. The issue of access to the primary data, usually images, is highly important as sparse descriptive coding alone may miss aspects of the phenotype that subsequently become important. Most current databases of mutant mice use predominantly text rather than images to describe lesions that are part of abnormal phenotypes [e.g. Tbase (2) ] while the literature can only offer a few key pictures to supplement text.
Existing image resources focus on speci®c domains [e.g. RENI (3) Database (4,5) cover toxicological pathology and tumour pathology, respectively] and, while these are invaluable, they are often thematically restricted; indeed smaller resources concentrate on the speci®c domain of interest of, or mutants generated by, the host laboratory. Thus there is a clear need for a community resource that codes, archives and distributes primary experimental data describing mutant mouse lesions. This paper reports the newly available Pathbase database set up by the Pathbase Consortium for this purpose.
In order to provide accurate and`hypothesis-neutral' ways of retrieving images from the database, Pathbase required the development of a semantic framework for systematically coding images of pathological lesions. As part of this, the Consortium has developed an ontology (MPATH) to describe mouse pathological lesions, described below, which is combined with other orthogonal ontologies and controlled vocabularies (CVs) to describe each image and so enable access and analysis by the user (see Table 1 ). This ontology has been produced by pathologists and is designed both to act as a terminology reference facility, and to catalogue histopathologic images of mutant mice. The database acts as a repository for such images and users are invited to add images for the bene®t of the community. Here, we describe the facilities available in Pathbase and brie¯y consider the informatics infrastructure of the database.
THE DATABASE INFRASTRUCTURE

Ontologies and meta-data
A key challenge in the construction of Pathbase has been the development of approaches to the coding of images. The semantic meta-data for each Pathbase image consists of the relevant terms from a set of orthogonal ontologies and short CVs that have recently been developed by us and other groups (6) . The anatomical attributes of the image are coded by using either the time-dependent mouse embryo anatomy developed by the EMAGE project (7, 8) or the adult anatomy developed by the Gene Expression Database (GXD) project (9) at the Jackson Laboratory. Other attributes are coded using the pathology (MPATH) ontology and a series of short CVs. Allele names and strain nomenclature are in accordance with the MGD gene annotation group following the International Committee on Standardized Genetic Nomenclature for mice (10) and records are associated directly with the Gene Ontology, or GO, terms (11) for the mutant gene or genes, assigned by MGI (12) . All these ontologies, which are publicly available from source ®les at http://obo.sourceforge.net, are used for both archiving data and querying the database.
MPATH itself is a new, actively curated, fully de®ned ontology that contains terms (currently 555) covering all currently known classes of lesion, with speci®c reference to the mouse, arranged as a hierarchy. The inclusion of de®nitions and synonyms helps to clarify the often disparate set of terms used by pathologists trained in different traditions which actually describe the same lesion. It incorporates the NIH Mouse Models of Human Cancer Consortium recommendations on haematopoietic neoplasms (13, 14) and will be maintained in accordance with existing reviews of other mouse cancer types from this body, and new ones as they are published.
The ontology is accessible both from Pathbase and from the GO Consortium's Open Biological Ontology (OBO) site (11, 15) where bio-ontologies are archived (http://obo. sourceforge.net). Technically, the MPATH hierarchy is held within a directed acyclic graph (DAG) six levels deep, written in DAGEDIT format and instantiated in GO syntax. Each item in the ontology has an MPATH ID that can be used for analysis and database interoperability.
The meta-data for each record incorporates the appropriate OBO IDs and this aspect allows Pathbase to be easily interoperable with other databases. It is also worth noting that an image may have multiple terms assigned to it from the same ontology, where, for example, there are elements of neoplasia and metaplastic change in the same image. All ontologies used on Pathbase are updated regularly and automatically from source ®les at http://obo.sourceforge.net and a system has been implemented using standard software to facilitate this.
Implementation
The summary of how Pathbase works is taken from technical notes available on the website (http://www.pathbase.net/help/ developers). In brief, the system is based on four layers, with the user only seeing that used for presentation. Underlying this are database, application and transport layers.
Database layer. The system is currently using Sybase ASE 11.9.2 as a database back-end within a Gentoo Linux environment. The Pathbase database schema is divided into two sections: one handling images and the other the meta-data structured through the ontologies.
Application layer (PHP). This layer formulates SQL queries from HTTP input and formats search results as HTML, XML, etc. The infrastructure set-up will allow for seamless transition to another database engine in future (e.g. MySQL or PostgreSQL).
Transport layer. A standard installation of Apache 1.3.27 handles this layer, using routine compression software suitable for users with slow internet connection and for overseas users. The web server also handles some of the security of the website, e.g. the password protection of the administration area.
Presentation layer. This layer is the user's web browser or another database server. Pathbase sends standard HTML and CSS, and uses standard JavaScript for the pop-up ontology windows. We are currently implementing a DHTML help system that displays instructions when users mouse-over input ®elds.
The ontologies themselves are stored as¯at ®les and converted to the required formats and hierarchies on-the-¯y through PHP scripts. The same ontologies and CVs are used combinatorially for searching and for archiving data.
Searching the database can most simply be done through the ontologies and CVs which are incorporated into the user interface. For the ontologies, searches are carried out hierarchically using all of the terms below that selected. However, as there is free text associated with the annotations of the images, there is also a string search facility that allows a user to search the database through user-generated keywords.
REGISTRATION AND ACCESS
Registration is only required for submissions (to ensure a high quality of data and for copyright reasons) and can be done through the database administration or directly by the user on the web. Registration and use are free to all users, and are not required for searching the database and retrieving images.
DATA RETRIEVAL
The core of Pathbase is a set of images and associated metadata that can be searched via the ontologies, CVs or free text. More than 1000 images are currently on line at the time of submission. These images are mainly from mutant mice (e.g. transgenics, targeted mutants, chemical-and radiationinduced and spontaneous mutations); however, images of normal histology and strain-dependent background lesions are also available.
Pathbase images and associated meta-data can be remotely searched via the ontologies, CVs and free text. A request yields thumbnails of all appropriate images together with appropriate data and these thumbnails may be expanded on the screen to give full-screen JPG images. These JPG ®les may be downloaded to the user's computer but any associated TIFF ®les held within the database will only be available on request due to the large uncompressed ®le size.
DATA ACQUISITION AND ANNOTATION
Data acquisition proceeds in two modes. The curatorial team actively request published images or additional unpublished material from existing papers, from existing image collections or from groups generating large amounts of phenotype data, such as ENU mutagenesis centres. Alternatively, users may send or upload their own images via user-friendly interfaces, FTP transfer, email or portable media such as CDs. Images can be uploaded in all common formats with an optimal resolution of at least 300 pixels per inch and a maximum ®le size of 8 Mbyte. The Pathbase Consortium is also able to accept transparencies and slides, which will be scanned and returned.
Sending images to the database requires that the submitter also send key associated data and the entry interface page for this has been made as simple as possible through the use of the ontologies and CVs, which merely require the user to click on an appropriate term. Searching for images uses the same ontologies and CVs and is again designed to be simple.
Data records are linked to other core web resources. In many cases these records will carry a Tbase identi®er (2), linking the two resources. Image records may also be linked to MGD, the mouse genome database (16) , while literature may be accessed through PubMed. We see the interoperability of Pathbase with other related databases as an area we wish to develop strongly in the future.
Following upload, all records are subject to active curation and assessment by a member of the Pathbase Pathology Committee before going online. A curatorial interface has been developed which is related to the publicly available upload interface but has facilities for adding curatorial notes and data reliability level; these provide important traceability of the annotation. The geographical dissemination of the pathologists in the Consortium makes such an interface extremely valuable during assessment of the records.
Pathbase also allows users to annotate image records directly providing a route for direct user feedback. Although moderated by the curators, such additions to the information on the records will build up a community expertise resource not so far attempted in a database of this kind.
DISCUSSION
The ®rst phase in the evolution of biological databases covered the archiving of sequence data in its many forms. The next stage was the production of databases that uni®ed particular groups by providing them with a community resource [e.g. Flybase (17) ]. An important current need is for databases that carry image data that provides visual as well as textual data and that is linked both to formal knowledge systems (ontologies) and to other core databases; Pathbase is one of a group of such databases that is now available. In terms of informatics, one notable feature of Pathbase is its use of formal ontologies for searching, and considerable effort has gone into making its pathology ontology (MPATH) as comprehensive and authoritative as possible.
The Pathbase ontology is not intended as an alternative diagnostic framework to the existing nomenclatures such as SNOVET (18), but as a tool for data retrieval that provides a Image submission requires information for the mandatory ®elds while the others are non-essential or may be inappropriate for some datasets. Fields utilize short controlled vocabularies (CVs), free text or a detailed ontology. All ®elds can be used for searching. set of inclusive terms into which all pathological lesions can be ®tted. SNOVET now contains over 100 000 terms and is not appropriately structured to describe the pathobiology of mutant mice as many of its terms are dependent on aetiology and anatomical location. Whilst the`lumping' of some terms in the MPATH ontology does remove some diagnostic precision, this has the advantage that small differences in opinion as to the precise diagnosis, or usage of terms, which vary between different traditions of pathology, do not affect the accuracy of a search. Such precise diagnostic terms can still be entered into the free text ®eld and searched independently.
It is important to emphasize that MPATH is not in itself a phenotype or a disease ontology, it is designed as a description ontology to provide the key meta-data of images of lesions in tissues generated in response to underlying genetic or extrinsic damage. There is currently much debate concerning the best way of coding complete phenotype data: either by a series of orthogonal ontologies or by description-logic-based systems using ontologies as plug-ins (19) . Both approaches are still at an early stage and development of an ontology for comprehensively describing`disease' phenotypes for the mouse has not yet been attempted, the closest being that recently developed by the MGD project (16) at the Jackson Laboratory (MPheno; available on http://obo.sourceforge.net), which uses a combination of de®ned anatomical, pathobiological and cellular terms from within a single ontology to summarize the phenotype.
Pathbase itself is still only a facility. While it holds many images and their associated information, data acquisition is an open-ended process (unlike an ontology which is intended to encapsulate a well-de®ned domain of knowledge). Its success will depend on users being prepared to use the facility to store their own data and thus on a certain degree of altruism. To help here, the curators have tried to make it as easy as possible for users to upload or send images and hope that users who are publishing interesting pictures of mutation-associated abnormalities in both embryonic and adult rodents will also submit them to the database. Pictures that are submitted by users will be rapidly made available to the ®eld. New images and additions to the literature found by the curators will be entered into the database and, if appropriate, added to a future reference site.
Pathbase is intended to have two uses. The ®rst is to help biologists with a limited knowledge of mouse pathology to assess and compare their data, and to provide access to more expert advice. The second is to allow the mouse community to share its knowledge of image-based pathology. The ®rst of these aims should be met by the curation team, the latter requires an involvement by the user community. We invite you, the reader, to take advantage of this opportunity.
